We studied the effect of chronic exposure (6 weeks and 6 months) of mice to drinking (tap) water containing 1.76% (0.06 M) aluminum lactate on some cytochemical properties of the blood-brain barrier (BBB). The plasmalemmabound enzymatic activities of alkaline phosphatase (AP) and Ca2+-activated adenosine triphosphatase (Caz+-ATFase) were studied at the dtrastructucd level. Anionic sites were localized with cationized ferritin in a pre-embedding procedure and with cationic colloidal gold in a post-embeddhg procedure applied to brain samples embedded in Lowiuyl K4M. Intravenously injected Evans blue and horseradish peroxidase (HRP) were used for evaluation of the functional state of the BBB. The results indicate that chronic exposure to aluminum does not noticeably dect barrier function of the endothelium of cerebral cottar blood microvesselS. Focal leakage of larger than capillary microvessels (presumably arterioles and venules) was observed only in a few areas, such as
Introduction
Evidence has accumulated indicating that aluminum alters the function of the blood-brain barrier (BBB) in vivo (5,6,11,16) and in vitro (3). It has also been postulated that its cytotoxic action primarily affects the function of the plasmalemma of the endothelial cells of brain blood vessels (4). Our cytochemical studies performed on cultured brain microvascular endothelial cells as an in vitro model system of the BBB also revealed some abnormalities in plasmalemma-bound enzymatic and non-enzymatic constituents after exposure to aluminum compounds (31,33).
Considering these data, we decided to perform ultrastructural cytochemical studies of the brain microvasculature in mice exposed for a relatively long period to aluminum lactate given in drinking water. This experimental procedure was chosen intentionally as the closest imitation of naturally occurring chronic exposure of some Supported in part by funds from the basal ganglia and amygdaloid nuclei. The localization of both enzymatic activities (AP and Ca*+-ATPase) in microvessels remained essentially unchanged. The localization of anionic sites was also unchanged except on the luminal surface of the endothelium of a few blood microvessels located in areas of the brain where leakage of the injected HRP was noted. In these vessels the injected HRP was often attached to the luminal surface of the endothelial cells, suggesting its increased stickiness. These data, compared with our previous observations on brain microvascular endothelial cells growing in vitro, indicate that cytotoxicity of aluminum is evidently less pronounced in the living organism, presumably due to action of detoxicating and regulatory mechanisms. ( J Hisrochem Cyrochem 42: [203] [204] [205] [206] [207] [208] [209] [210] [211] [212] 1994) human populations to aluminum present in food, drinking water, and the atmosphere (1,12,18,35).
The selection of plasmalemma-bound enzymatic and nonenzymatic (negatively charged surface sites) constituents was performed on the basis of our previous studies on the cytochemical characteristics of the BBB endothelia (28,32). Alkaline phosphatase is a typical enzymatic marker of brain microvascular endothelial cells and represents one of the components of the enzymatic barrier that controls and facilitates transport of various phosphate esters and phosphate ions. Its ultrastructural localization in the luminal plasmalemma of the brain capillary endothelium is a reflection of the functional polarity of these cells (28). Changed localization or a decrease of alkaline phosphatase activity is also considered to be a sensitive indicator of some disturbances in BBB function (30).
Calcium-activated ATPase regulates the concentration of calcium ions inside and outside the endothelial cells by actively transporting these cations outward from the cell. Because the formation and maintenance of interendothelial tight junctions depend on the local concentration of calcium ions (13,26), this enzyme can control the impermeability and thereby the integrity of the BBB (28,30).
It has been shown previously that anionic sites on the endothelial surfaces and in the basement membrane of brain microvessels play a critical role in the maintenance of BBB function (20,27-29), whereas their diminution or disappearance is a sensitive indicator of dysfunction of this barrier (30).
Materials and Methods

Experimental Procedure
Eighteen 4-week-old male Balblc mice were divided into two groups of nine: (a) a control group receiving normal (tap) drinking water and (b) an experimental group receiving 1.76% (0.06 M) aluminum lactate (pH 6.5) dissolved in tapwater. Both groups were allowed to drink and eat standard Purina mouse chow ad libitum. The amount of water consumed (per day and per mouse) and weight of the animals were measured during the entire period of the experiment. Our calculations indicated that each mouse in the experimental group received daily -37-56 mg of aluminum lactate containing ~3 . 4 -5 . 1 mg of elemental aluminum, respectively. This dose can also be expressed as 188-214 mglkglday.
Two experimental and two control mice were sacrificed 6 weeks (42 days) after the start of the experiment. All remaining animals were sacrificed after 6 months.
Cytochemical Procedures
Enzymatic Activities. Under sodium pentobarbital anesthesia, mice were perfused though the heart with out standard fixative containing 2% formaldehyde (freshly prepared from paraformaldehyde), 1% glutaraldehyde, and 0.1 M sucrose in 0.1 M cacodylate buffer, pH 7.4. After perfusion brains were immediately removed, sectioned in a coronal plane, and specimens immersion-fixed in the above fixative. Fixation did not exceed a more than 1 hr. Afterwards specimens were washed overnight in ice-cold 7.5% sucrose. Blocks of fixed tissue were then cut into 50-pm thick sections with a S o d l TC-2 tissue sectioner (DuPont). These sections were collected in ice-cold 7.5% sucrose and used for enzymatic or non-enzymatic cytochemistry.
For macroscopic and light microscopic evaluation of BBB permeability, one control and one experimental animal in both groups (6 weeks and 6 months) received 0.2 ml of 2% Evans blue in Ringer's solution. This solution was injected into the femoral veins 20 min before perfusion-fixation.
The medium for detection of alkaline phosphatase activity was that of Robinson and Karnovsky (24) with CeC13 as a capturing salt of liberated orthophosphate ions. Free-floating sections were incubated at 37°C with slow shaking in a Dubnoff water bath for 45 min. Control sections were incubated in the full medium supplemented with 2 mM levamisole HCl as an inhibitor of alkaline phosphatase activity.
The medium for the detection of CaZ'-AVase activity was prepared according to Ando et al.
(2) with lead citrate as a capturing salt. Substratefree medium served as a control. The period of incubation at room temperature (RT; 22'C) was 1 hr.
For evaluation of BBB function, two control and two experimental mice in the second (6-month) group were injected r~ with 15 mg horseradish peroxidase (HRP type VI) (Sigma; St Louis, MO) dissolved in 0.30 ml of Ringer's solution 30 min before sacrifice. Brain sections obtained from these animals were incubated in a medium prepared according to Reese and Karnovsky (23) containing 3,3'-diaminebenzidine (DAB). The time of incubation for the demonstration of peroxidatic activity was 90 min at RT.
Demonstration of Anionic Sites
Pre-embedding Procedure. Two animals were used for demonstration of anionic sites with cationized ferritin before fixation and embedding. These animals were anesthetized IP with a solution of sodium pentobarbital. A pre-warmed (37°C) solution of Dulbecco's PBS was infused through the open heart into the vascular bed to wash out the blood. This was followed by slow, intermittent perfusion with 20 ml of cationized ferritin dissolved in the same solution (0.25 mglml) for 15 min. Unbound cationized ferritin was washed out with PBS. Animals were finally perfusion-fixed with our standard fixative (see above).
Post-embedding Procedure. Small brain samples already fixed in standard fixative were cut into small blocks (NI-1.5 mm) and placed in 0.1 M NH&I to block free aldehyde groups. These tissue blocks were dehydrated in ethanol with concomitant lowering of the temperature to -35°C and finally embedded in hydrophilic resin Lowicryl K4M. After polymerization under a w lamp, these samples were cut with an ultramicrotome into thin sections which were mounted on nickel grids. Anionic sites were labeled with cationic colloidal gold (CCG) exactly as described previously (27, 29) .
Other sections incubated for the demonstration of alkaline phosphatase, Ca2+-ATPase, and HRP activities or labeled with cationized ferritin were post-fixed in 1% os04 in 0.1 M cacodylate buffer, pH 7.4, for 1 hr, dehydrated, and embedded in Spurr resin. Ultra-thin sections were stained with uranyl acetate and lead citrate and examined with a Philips 420 or Hitachi 7000 electron microscope.
Results
General Observations
Throughout the entire experiment it was observed that daily consumption of aluminum lactate-containing drinking water by the experimental mice was approximately 15-20% lower than that of the normal tapwater by control mice. The mean body weight of animals exposed to aluminum for 6 weeks was approximately 10% lower than that of untreated animals. At the end of the experiment, i.e., after 6 months, this difference essentially disappeared, as the mean weights of the control and experimental animals were similar (25.12 g and 26.11 g, respectively). In mice exposed to aluminum for 6 weeks, no noticeable changes in BBB permeability to IV injected Evans blue were observed. In addition, the localization of enzymatic activities of alkaline phosphatase and Ca2+-ATPase and distribution of anionic sites in the wall of brain microvessels were similar in both groups of animals.
Our further descriptions are related solely to the observations performed on animals exposed for 6 months to aluminumcontaining drinking water and on untreated control animals.
Evaluation of BBB Function
In control and aluminum-treated mice injected IV with Evans blue solution, no leakage of the brain microvasculature was observed when coronal sections of brains were examined grossly or by LM. In mice injected with HRP, however, LM examination of brains of control and experimental animals revealed some leakage of the tracer, evidenced by the color reaction with DAB. In all control animals the HRP staining reaction was observed in the pia mater and in some circumventricular organs, such as the choroid plexus and median eminence. Occasionally some staining of short segments of vessels penetrating the cerebral cortex from the pia mater, presumably arterioles, was noted. The adjacent small areas of the brain neuropil were also lightly stained, suggesting a limited extravasation of blood-borne HRP (Figure 1 ). It is noteworthy that in all aluminum-treated mice an essentially similar pattern of staining reaction for HRP was observed.
At the ultrastructural level, the staining reaction for HRP in control mice cerebral cortex was located mainly in many plasmalemmal vesicles and other intracytoplasmic structures of the endothelial cells, which could be recognized as endosomes ( Figure 2 ). No HRP tracer was noted inside the clefts of interendothelial junctional complexes and in the basement membrane, indicating that injected HRP is endocytosed by microvascular endothelial cells but is not allowed to cross their body and adjacent basement membrane, i.e., the vessel wall, consequently entering the intercellular clefts of the neuropil containing the brain interstitial fluid.
An essentially similar pattern of HRP localization was found in most capillaries and other microvessels (venules and arterioles) in the cerebral cortex of aluminum-treated mice. The structural details of interendothelial junctional complexes were not noticeably affected (Figure 3 ). In some microvessels, however, increased adsorption of injectcd HRP on the luminal plasmalemma of the EC was observed (Figure 4 ), suggesting an increased stickiness of the EC surface facilitating the adhesion of the tracer. In these capillaries, however, no HRP staining was seen in the interendothelial clefts or in the basement membrane, which suggests their increased permeability.
In some brain areas of aluminum-treated mice, focal leakage of blood-bome HRP was occasionally noted through short segments of the wall of blood microvessels. These leaking vessels were in the area of the basal ganglia or of the cerebral cortex in the area pyriformis, in the vicinity of the amygdaloid nucleus ( Figure 5 ).
EM revealed that these leaking vascular segments had ultrastructural signs of barrier disruption, manifested by the appearance of HRP in the subendothelial and peripheral laminae of the basement membrane and also in the brain interstitial fluid in the adjacent clefts of the neuropil. The luminal plasmalemma of the endothelial cells of some of these vessels showed an increased stickiness manifested by adsorption of the injected HRP ( Figure 6 ), whereas in others this feature was absent ( Figure 7 ).
In general, the observed leakage occurred only in a few blood vessels and was limited to a few selected areas of the brain. The major part of the capillary network remained unaffected in both animal groups.
CytochemicalLy Detectable Enzymatic Activity
Alkaline Phosphatase. Cytochemically demonstrable alkaline phosphatase activity in the cerebral cortex of control mice was localized in the luminal plasmalemma of the capillary endothelial cells (Figure 8 ). This localization is believed to be morphological evidence for a functional polarity of the BBB endothelium (28). In larger than capillary endothelia, especially in venules, the reaction for alkaline phosphatase was less intense than in capillaries, suggesting a lower activity of the enzyme (Figure 9 ). In the majority of the vessels, no reaction product for the enzyme appeared in the junctional clefts.
An essentially similar localization of the reaction for alkaline phosphatase was observed in the majority of blood microvessels in brains of aluminum-treated mice. Some vessels, however, were characterized by less uniformly distributed reaction product on rough, bumpy endothelial surfaces ( Figures 10 and 11 ). In some vessels, characteristic protrusions and protuberances of the endothelial surface were present. Even in blood microvessels in the area of the observed leakage, i.e., in the basal ganglia and the area ofthe amygdaloid nucleus, the localization of alkaline phosphatase activity was essentially similar to that observed in control animals, although some fluctuations in the reaction intensity were noted. Caz+-dependent ATPase. In the majority of the capillaries of the cerebral cortex of control mice, the staining reactions for Ca2'-ATPase activity were located mainly in the basement membrane and in the interendothelial clefts of junctional complexes ( Figure   12 ). Some deposits of reaction product also appeared on or between the plasma membranes of astrocytic perivascular processes and other components ofthe neuropil. In some blood micrcwessels, more reaction product was occasionally deposited on the abluminal front of the endothelium, in the junctional clefts. in the basement membrane, and also on the luminal surface of the endothelial cells ( Figure   13 ). These sections probably adsorbed more liberated phosphate ions than others and can be considered to be slightly overincubated.
In the majority of capillaries of the cerebral cortex of aluminumtreated mice, localization of cytochemically demonstrable Ca2+-ATPase activity was similar to that observed in control mice. Rarely, some less intense staining reaction was noted in the segments of tight junctional clefts (Figure 14) . In several microvessels, characteristic protuberances of the endothelium, protruding into the vessel lumen, were present ( Figure 15 ).
Localization of Anionic Sites
Pre-embedding Procedure. In this procedure only anionic sites located on the luminal front of the vascular endothelial cells are accessible for cationized ferritin. Labeling of the luminal surface of the endothelium of brain microvessels of control mice was almost continuous and uniform, indicating an abundance of negatively charged molecules in the endothelial cell surface glycoprotein coat (glycocalyx). The interendothelial junctional complexes remained unlabeled ( Figure 16 ). An essentially similar distribution of the endothelial surface anionic sites was observed in slightly larger microvessels such as arterioles ( Figure 17 ).
Most capillaries and other blood microvessels in the cerebral cortex of aluminum-treated mice showed identical labeling of anionic sites with cationized ferritin to that observed in control animals. Uniform labeling of anionic sites distributed on the luminal front of capillary endothelial cells was especially conspicuous in sections not counterstained with lead citrate (Figure 18 ). Rarely, in some vessels in the area of amygdaloid nuclei or in the basal ganglia, the distribution of anionic sites was slightly changed, showing some irregularities and the appearance of unlabeled gaps in the endothelial cell plasmalemma. These irregularities were usually present in the vicinity of interendothelial junctional complexes (Figure 19) .
Post-embedding Procedure. The application of this procedure enables one to label the anionic sites on the entire cross-section of the vessel wall. In the brains of control mice, the distribution of anionic sites was typical, i.e., they were labeled with cationic colloidal gold on both luminal and abluminal fronts of the en----..-.. Table 1 dothelium (Figure 20 ). The plasma membranes of the interendothelial junctional complexes, although accessible, were not labeled (Figure 21) . The vast majority of blood microvessels in the cerebral cortex of the aluminum-treated mice showed a similar distribution of anionic sites as presented above. In some, usually larger than capillary vessels, some occasional irregularities in the distribution of anionic sites were observed. These irregularities consisted of a sparser scattering of gold particles and the appearance of short segments of the unlabeled luminal plasmalemma. These changes usually appeared in the vicinity of interendothelial junctional complexes (Figures 22 and 23) .
. Cytochemical observations of the brain microvasculature in untreated (control) and aluminum lactate-treated miceaJ
The above-described observations are summarized in Tible 1.
Discussion
The purpose of our study was to determine whether prolonged drinking of aluminum-containing water, which imitates a naturally occurring exposure to this metal, affects the function and some cytochemical properties of mouse brain microvasculature representing the anatomic site of the BBB. The type of aluminum salt and the method and time of its administration were chosen on the basis of available literature. It was reported that aluminum lactate given through the alimentary canal in food or drinking water is well tolerated and easily absorbed, yielding a rapidly increased aluminum level in some organs, such as liver, bone, and brain, in mice (10,14) and rats (7). An elevation of aluminum in rabbit cerebral cortex was also observed 5 weeks after parenteral administration (i.e., after a series of injections) of low doses of aluminum lactate. In these animals some behavioral deficits were also observed (37). Since we observed that after 6 weeks of exposure to aluminum our mice did not reveal any noticeable changes in their behavior and physical condition, as well as in the function of the BBB, we decided to prolong the experiment up to 6 months. This period represents approximately 20% of the mouse life span and corresponds roughly to 15 years of human life.
In accordance with a generally accepted opinion, the majority of aluminum absorbed through the gastrointestinal tract is eliminated by the kidneys, which excrete large amounts of aluminum (80-90%) via the urine (1.21). Nevertheless, a small portion remains in the organism and in the circulating blood, and the endothelial lining of the vascular bed is continuously exposed to this metal. Therefore, the endothelial cells of blood vessels can be considered as the first line of cells in which cytotoxic effects of aluminum, if any, can be manifested. Since the blood-oriented surface and the luminal plasmalemma of these cells are especially exposed, they were the main focus of our interest. Consequently, the plasmalemma-bound enzymatic activities of alkaline phosphatase and CaZ+-ATPase were chosen as enzymatic markers, the activities of which are associated with BBB function (28) and which are sensitive indicators of functional disturbances of the BBB (30). It should be emphasized that some reports indicate that aluminum binds to the endothelial cell surface (34) and also can react with phosphate ions (4,8,38) , impairing the activity of ATPases by competing with Mg2' and Ca2+ (4,15,19) .
Our results, however, indicate that both enzymatic activities were not affected to a degree that might suggest impairment of BBB function. Some changes in the reaction intensity for Ca2+-ATPase, especially in the interendothelial junctional complexes, were observed only in solitary and limited groups of larger than capillary blood vessels in some restricted brain areas. In these vessels we noted some abnormalities in the shape of endothelial cells, manifested by the appearance of solitary or multiple bulges protruding into the vessel lumen. Concomitantly, segmental interruptions of the negatively charged layer (anionic sites) on the luminal endothelial cell surface were noted. Because in these vessels some segmental leakage of the injected HRP was observed, we can assume that these cytochemically detectable changes were associated with a focal disturbance of BBB function.
It remains unclear why only blood vessels located in restricted areas of the brain were affected. Probably, only vessels located in these areas are sensitive to the increased concentration of aluminum in the circulating blood. It is interesting that a similar uneven distribution of neurons with neurofibrillary changes was observed in selected areas of rabbit brain after injection of aluminum chloride (17, 36) .
Our observations indicate that, at least in the mouse, the prolonged (chronic) exposure to aluminum via the alimentary tract does not induce systemic changes in the brain microvasculature demonstrable with the applied cytochemical techniques. Therefore, access of aluminum to the brain tissue, where it can exhibit neurotoxic activity, presumably occurs through some other pathways, most probably through the transferrin-transferrin receptor system (9,25), without physical damage to or disruption of the BBB.
It is noteworthy that most studies related to the effect of aluminum on the BBB and to its neurotoxic activity were performed in animals that received rather high doses by non-physiological routes, i.e., IP or IV injection (5,6,11,16,22,37 ). As we have already emphasized, our experimental procedure was rather gentle and physio- In this slightly larger than capillary blood vessel (presumably a venule), staining reaction for alkaline phosphatase activity in the luminal plasmalemma (arrows) is less intense than in the capillary. No reaction product appears in the junctional complex (arrowhead). Original magnification x 24,000. Figure 10 . In a capillary in the cerebral cortex from the area pyriformis of an aluminum-treated mouse, staining reaction for alkaline phosphatase activity appears on the luminal surface of the endothelial cell (arrows) and also in the narrow interendothelial cleft of the junctional complex (arrowheads). Original magnification x 30,000. Figure 11 . The wall of a blood microvessel in the area of the basal ganglia of an aluminum-treated mouse. Reaction product for alkaline phosphatase activity is located on the luminal surface of an endothelid cell which is rough and forms a few blebs protruding into the vessel lumen (arrows). The interendothelial cleft is free of reaction product (arrowhead). Original magnification x 36,000. logical, and the exposure to aluminum-containing drinking water resembles naturally occurring conditions. The data obtained, compared with our previous observations on cultured brain microvascular endothelial cells exposed to aluminum in vitro (31,33) indicate that this metal is considerably less effective as a cytotoxic agent in the living organism. Various detoxifying and regulatory mechanisms operating in the animal body are probably responsible for protection of the endothelium and preservation of its barrier function in the cerebral cortex. 
